Background: Prior authorization, audit and feedback, and pay for performance are the three core "active" strategies of antimicrobial stewardship program (ASP), yet little is known about the individual or combined benefits of such programs, particularly in a pediatric setting.
Objectives: The aim of this study was to compare these core ASP strategies and determine the incremental effect of financially punished audit and feedback.
Methods: During the journey to the Joint Commission International accreditation, a tertiary pediatric medical center performed two different hospital-wide stewardship interventions in succession. The first stage without formalized ASPs served as pre-intervention period, January 2011 to April 2011. The ASP used prior authorization alone during the first-intervention period, May 2011 to September 2011. In October 2011, financially punished audit and feedback was introduced, marking the start of the second-intervention period, October 2011 to November 2012. We compared the differences of the change in monthly average use of antibiotics and expenditure on antibiotics before and after the ASP changes by using interrupted time series via dynamic regression. The main end points included the proportions of antibiotic prescriptions and expenditure on antibacterial relative to all medications.
Abbreviations: GWCMC, Guangzhou Women and Children's Medical Center.
inTrODUcTiOn According to most standards, the increasing availability of lifesaving antibiotics in the developing world is a good thing. But, their widespread availability and inappropriate use have led to the development of multidrug-resistant (MDR) bacterial infections (1, 2) . During the past two decades, a dramatic increase in the incidence of nosocomial infections has occurred in children (3) . The overuse and misuse of antimicrobial agents are considered key points fueling this situation (4, 5) . For instance, antibiotics are prescribed during more than 50% of hospitalizations of children, often unnecessarily (6) , which could be even worse in poorer countries than in richer ones, owing in part to a lack of regulation (1) .
Antimicrobial stewardship programs (ASPs) are multidisciplinary, hospital-based interventions designed to ensure the appropriate prescription of antibiotics. Despite limited evidence, studies on ASPs have identified several potential strategies, including three core "active" methods: formulary restriction with prior authorization, prospective audit with feedback to prescribers, and pay for performance (7) . Prior authorization permits the use of select agents after approval from the ASP team, whereas prospective audit and feedback utilizes post-prescriptive reviews conducted by the ASP to recommend changes in the antibiotic selection, dosing, or duration of therapy (8) . Pay for performance programs are intended to strengthen the business case for the improvement of antibiotic usage by rewarding excellence and reversing what have been described as perverse financial incentives (9) .
Nevertheless, initial ASP efforts were focused on adult patient populations. In 2010, the Pediatric Infectious Diseases Society (PIDS) formed the Pediatric Committee on Antimicrobial Stewardship with the mission of advancing pediatric ASPs, promoting research in pediatric ASPs, and developing ASPs educational programs. Since then, more concerted efforts for the widespread implementation of formal ASPs in pediatrics have occurred (10) . Although promising, current evidences are limited to outpatient services (11) and in high-income countries (12) . Thus, concluding that present pediatric ASPs are generally effective in both inpatient and outpatient treatments and both resource-rich and resource-limited settings could be subjected to multiple biases.
Implementation of ASPs to prevent and to control the emergence and spread of antimicrobial-resistant microorganisms is one of the key elements in quality improvement required by the Joint Commission International (JCI). Rational antibacterial use was listed as one of the important patient safety goals in Guangzhou Women and Children's Medical Center (GWCMC) in 2011-2012, and GWCMC successfully passed the JCI accreditation on December 15, 2012. During the journey to JCI accreditation, GWCMC performed two different hospital-wide stewardship interventions in succession: prior authorization alone and prior authorization + financially punished audit and feedback. The aim of this study was to determine the incremental effect of financially punished audit and feedback, to discuss the effectiveness of such cheap and simple stewardship interventions in the pediatric context, and to provide references for community hospitals and international counterparts.
MaTerials anD MeThODs setting and Design
An uncontrolled, observational study focusing on hospital-wide antibacterial use was performed in GWCMC, a 1012-bed tertiary pediatric hospital with 2.65 million outpatient visits, 45,000 Medicare inpatient admissions, and 313,785 inpatient days annually in Guangzhou, China. Approval was obtained from the GWCMC Institutional Review Board.
This was a three-stage study (Figure 1A) . The first stage without formalized ASPs served as pre-intervention period and was started from January 1, 2011 to April 30, 2011. In the second stage or the first-intervention period, a formulary restriction with prior authorization according to the campaign protocol launched by the Chinese Ministry of Health in 2011 was implemented between May 1, 2011 and September 30, 2011 (13) . In the third stage or the second-intervention period, financially punished audit and feedback was added to the prior authorization since October 1, 2011. results: Before the second-intervention period, neither the proportion of antibiotic prescriptions nor the proportion of expenditure on antibiotics declined significantly in both ambulatory and inpatient settings. However, after the introduction of financially punished audit and feedback, the proportion of both antibiotic prescriptions (β = −6.269, P < 0.001, and reduction = 59.4% for outpatients; β = −1.235, P < 0.001, and reduction = 19.8% for inpatients) and expenditure on antibiotics (β = −7.777, P < 0.001, and reduction = 46.7% for outpatients; β = −4.933, P = 0.001, and reduction = 16.3% for inpatients) dropped immediately.
conclusion: The combination of more than one core strategies (prior authorization, audit and feedback, and pay for performance) will be more effective than one strategy alone.
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Establishment of Core Team
Prior to implementation of the programs, a multidisciplinary ASPs committee, including administrating group, supervision group, and implementation group, was established ( Figure S1 in Supplementary Material). Administrating group composed of hospital administrators is responsible for providing support to hospital administration and medical staff leadership. Supervision group by pharmacists, a board certified pediatric infectious disease practitioner, information systems experts, and microbiologists bear the main responsibility of the enforcement of antimicrobial restriction policies. The mission of the implementation group by physicians is to fully implement the guidelines. With reference to the first national guideline on the clinical use of antibacterial medicines published in 2004 (14) and the official document for rational use and standard management of antibiotics issued by Chinese Ministry of Health in 2011 (15) , the ASP team developed antimicrobial guidelines for pediatric patients, including choice of antibiotic agent, accuracy of the dose, appropriateness of the route, period of use, and need for combination of antibiotics, and made it available as part of the hospital formulary. The guidelines were made available in written pocket-sized formats and were easily accessible through the hospital Intranet 1 month before starting the ASP. We also developed a set of simple and economical tailor-made indications for the prescription of rational antibiotics (Table S1 in Supplementary Material).
Prior Authorization
Antibiotics used in the center were divided into non-restricted (also called "first line"), restricted ("second line"), and special use ("third line") grades on the basis of their clinical effects and safety. The antibacterial formulary was shown in Table S2 in Supplementary Material. Each grade will match exactly to the corresponding prescribing privileges for physicians, as described previously (16) . Briefly, physicians do not need prior approval to prescribe unrestricted antibiotics; senior physicians were allowed to prescribe restricted antibiotics, but access to these antibiotics was strictly controlled for the junior residents and fellows; and all physicians need the special-grade antibiotic expert subcommittee's approval before they can prescribe special-grade antibiotics.
The antibiotic approval service was staffed by clinical pharmacists and infection control physicians between 8:00 a.m. and 5:00 p.m. on weekdays and by the first-and second-year pharmacist and infection diseases fellows with postgraduate training in antiinfective therapy between 5:00 p.m. and 12:00 p.m. on weekdays and between 8:00 a.m. and 12:00 p.m. on weekends and holidays. Between 00:00 a.m. and 8:00 a.m., restricted and special-grade agents were released pending morning evaluation to prevent delay in appropriate treatment. Of course, if a request was denied, an alternative agent would be suggested.
Financially Punished Audit and Feedback Prospective Audit and Feedback
To better utilize the ASP resources, prospective audit with feedback was also introduced in October 2011. In the audit process, an automated report of all patients who had received antimicrobials within the previous 24 h was generated daily from a webbased prescription screening software, except on weekends and holidays. Prospective audits of antimicrobials prescribed during the weekend and holidays were performed on Mondays and the first day after holidays. Critical data elements extracted from the system included type of antimicrobial; dose, interval, and route of administration; patient age, weight, allergies, and renal function; attending physician and admitting service names; and culture results of microbiology for hospitalized patients from any site. The supervision group was responsible for reviewing all of these reports and judging the appropriateness of the use of antibiotics. Subjects were excluded if antibiotic approval had already been authorized by clinical pharmacists and infection control physicians before the call.
Common feedback was performed through direct communication with the attending physician who prescribed the antibiotics, including discontinue the antibiotic; narrow or broaden antimicrobial therapy based on culture and susceptibility data; convert the administration method from parenteral to oral route; increase or decrease the dose; and shorten or lengthen the planned duration of therapy, consolidate to fewer antimicrobials, and obtain an infectious diseases consult. At the end of each month, the data on irrational use of antibiotics were collected and reported to the administrating group by the supervision group. Appropriate evaluation of antibacterial-containing prescriptions was published monthly by the administrating group on the hospital local area network. Figure 1B depicts the workflow of the audit and feedback intervention.
Financial Penalties
"Dear doctor" letters were sent from the ASPs team to physicians. Physicians were given the opportunity to present evidence and argument against the results of feedback during a 7-day public notice period. Subsequently, physicians who wrote inappropriate prescriptions would face a hefty fine according to the number of the inappropriate prescriptions (first quartile, second quartile, third quartile, and fourth quartile). The level of fine was correspondingly divided into four levels [first -500 Chinese Yuan (CNY); second -700 CNY; third -900 CNY; and fourth -1000 CNY]. If a second instance of a fourth-grade error occurs, the responsible physician would face the prescribing privilege revocation and be asked to attend mandatory training on antibiotic use again.
Measures of antimicrobial Use
The total number of prescriptions and total number of prescriptions containing antibacterial were derived from the prescription evaluation software embedded in the Hospital Information System (HIS). Data elements for each antibiotic prescriptions include the patients' demographics (e.g., patient name, identification number, age, diagnosis, allergy history, body weight, body surface area, and clinical laboratory test results), antibiotic usage (generic names, doses, dosing schedules, timing, duration, combinations, and any switchovers to another antibiotic), and cost (antibacterial expenditure and cost of all medications).
Outcome Measures
The outcome measures included proportion of pediatric antibiotic prescriptions, proportion of prescriptions containing nonrestricted antibacterial, proportion of prescriptions containing restricted antibacterial, proportion of prescriptions containing special use grade antibacterial, percentage of monthly antibiotic users of hospitalized children, and proportion of expenditure on antibacterial relative to all medications. Outpatient and inpatient wards were calculated, respectively.
statistical analysis
We determined the differences in the average monthly changes in antibiotic use before and after the ASPs program by using interrupted time series via dynamic regression (17) . Given the Improvement of Antibiotic presence of three distinct stages, a model with two change points was used:
Here, Yt is the mean of the indicators used to evaluate antimicrobial use prescription; timet is the number of months at time t from the beginning of the study; "F" and "S" are the indicators for time t that the "first-intervention (F)" was introduced in May (before May = 0 and after May = 1) and the "second-intervention (S)" was introduced in October (before October = 0 and after October = 1). Time after "F" and "S" are the number of months after the first-intervention in May and after the second-intervention in October. In this model, β0 estimates the intercept, β1 evaluated the baseline trend during pre-intervention period, β2 and β4 estimate the immediate changes following the first-intervention in May 2011 and the second-intervention in October 2011, β3 assesses the change trends of the outcome of interest after the "firstintervention" and before the second-intervention. β5 estimates the change trends of the outcome of interest after the secondintervention. In the autoregression model, serial correlation of the error terms was tested by plot of residuals against time and using the Durbin-Watson test. Randomly scattered residuals without a pattern indicate that there is no autocorrelation. Durbin-Watson statistic values close to 2.0 indicate no serious autocorrelation. If the statistic is significant, the models were adjusted by estimating the autocorrelation parameter and including autocorrelated errors by following a second-order autoregressive process. The percentage of changes by the "Second-intervention" was calculated by the formula as follow:
In addition, chi-square test was used for testing the percentage differences between two or more groups. We used P < 0.05 as a threshold for statistical significance. All statistical analyses and models were estimated by using SAS 8.1 software (SAS Institute, Cary, NC, USA).
resUlTs
In total, 29,363,808 medical prescriptions were included in this study; 3,036,274 prescriptions (1,532,336 for outpatients and 1,503,938 for inpatients) were in the pre-intervention period, 4,573,601 prescriptions (2,450,093 for outpatients and 2,123,509 for inpatients) were in the first-intervention period, and 21,753,933 prescriptions (15,499,762 for outpatients and 6,254,171 for inpatients) were in the second-intervention period.
general information and Pharmacoeconomic Data on antibacterial Prescriptions
As shown in Table 1 , compared to the pre-intervention stage, significant decreases in the rate of antibiotic prescription were observed both in the first-intervention period and in the second-intervention period for both outpatients (χ 2 = 7.4 × 10 5 , P < 0.001) and inpatients (χ 2 = 2.0 × 10 4 , P < 0.001). During the pre-intervention period, the proportions of expenditure on antibiotics were approximately three times than that of secondintervention period for outpatients (17 vs. 6%) and two times for inpatients (29 vs. 14%). The proportion of hospitalized children who took antibiotics decreased significantly from 40% in the pre-intervention group, to 34% after the implementation of prior authorization alone, and to 23% after adding financially punished audit and feedback (χ 2 = 3.0 × 10 3 , P < 0.001).
The top 10 antibiotics prescribed during three periods are shown in Table S3 in Supplementary Material. For outpatients, although there was a significant decrease in the rate of the No. 1 antibiotic used, the highest rate of amoxicillin and clavulanic acid prescription was observed throughout three periods. In addition, during both the first-intervention period and the secondintervention period, new rankings of the top 10 antibiotics showed a significant decline in the third-generation cephalosporins, such as Cefixime (No. 4 in the pre-intervention, No. 8 after first-intervention, and excluded from the top 10 after second-intervention). For inpatients, a significant drop was observed in the rankings of "Piperacillin and enzyme inhibitor" used (No. 1 → No. 3 → No. 8) after the implementation of interventions. Conversely, the rankings of the second-generation cephalosporins increased obviously (Table S3 in Supplementary Material).
changes in the Proportion of antibiotic Prescriptions among Three Distinct Periods

Outpatient-Specific Analysis
As shown in Figure 2A , after the release of the ASPs in May 2011, there is a notable decline in the monthly proportion of prescriptions containing antibiotics for outpatients, particularly since the implementation of the financially punished audit and feedback in September 2011. Statistically speaking, proportion of antibiotic prescriptions for outpatients dropped immediately after adding the financially punished audit and feedback to the prior authorization (coefficient: −6.269, P < 0.001, reduction: 59.4%) ( Table 2) . No significant downtrends were identified within pre-intervention period (coefficient: −0.023, P = 0.947) and first-intervention period (coefficient: −0.200, P = 0.392) ( Table 2) .
In an antibiotic grade-specific analysis, adding of the financially punished audit and feedback led to an immediately sharp decrease in the prescriptions of both non-restricted (P < 0.001) and restricted (P < 0.001) antibiotics for outpatients ( Table 2) . According to the class of antibiotics, stratified analyses showed that the prescriptions of penicillin (P = 0.001), cephalosporins (P < 0.001), other beta-lactam (P < 0.001), and macrolide (P < 0.001) for outpatients were immediately reduced to a much greater extent after adding financially punished audit and feedback than after the prior authorization alone ( Table 2) . 1 | general information and pharmacoeconomic data on antibacterial prescriptions for outpatients and inpatients by three periods.
Inpatient-Specific Analysis
indicators
Outpatients inpatients Total number of prescriptions  1,532,336  2,450,093  15,499,762  1,503,938  2,123, 2011 to December, 2012. Proportion of antibiotic prescriptions for inpatients dropped significantly (coefficient: −1.235, P < 0.001, reduction: 19.8%), immediately after the introduction of financially punished audit and feedback ( Table 3) . Furthermore, there was no significant downtrends before the financially punished audit and feedback, including the single prior authorization intervention period (coefficient: −0.058, P = 0.667) ( Table 3 ). The percentage of monthly antibiotic users of hospitalized children was also decreased (coefficient: −9.124, P < 0.001, reduction: 15.5%) immediately after the combination of financially punished audit and feedback. Although the subsequent percentage significantly increased during the second-intervention period, the magnitude (3.478 vs. −9.124) was much lower than that of the decrease resulted from the ASPs change ( Table 3) .
Preintervention
Firstintervention secondintervention
Preintervention
Firstintervention secondintervention
In subgroup analyses, implementation of the financially punished audit and feedback led to sharp decreases in all three grades of antibiotics in inpatients (all P < 0.001) ( Table 3) . Further stratified analyses of antibiotic kinds demonstrated that combined ASPs could immediately reduce the prescriptions of penicillin (P = 0.001), cephalosporins (P = 0.004), other betalactam (P < 0.001), and carbapenems (P < 0.001) and continue to play this role for carbapenems (P = 0.037) in the subsequent period ( Table 3) .
changes in the Proportion of expenditure on antibiotics relative to all Medications
As shown in Figure 2B , after the release of the financially punished audit and feedback in September, 2011, there is a notable decline in the proportions of expenditure on antibiotics relative to all medications in both outpatient and inpatient wards.
Outpatient-Specific Analysis
In the periods before financially punished audit and feedback implementation, even in the first-intervention period during which prior authorization had been started, there were no significant downtrends of the proportions of expenditure on antibiotics relative to all medications (coefficient = 0.145 and P = 0.932 for pre-intervention period; coefficient = 0.555 and P = 0.390 for the first-intervention period). After the financially punished audit and feedback was implemented, the proportions of expenditure on antibiotics experienced an immediate decline (coefficient: −7.777, P < 0.001, reduction: 46.7%) ( Table 2) .
Inpatient-Specific Analysis
In the periods after the prior authorization alone and before the implementation of financially punished audit and feedback, the proportion of expenditure on antibiotics was slowly reduced (coefficient: −1.603, P = 0.013). However, after the financially punished audit and feedback was implemented, the proportion of expenditure on antibiotics immediately declined by 16.3% (coefficient: −4.933, P = 0.001) ( Table 3 ). The equations should be inserted in editable format from the equation editor.
DiscUssiOn
Medically inappropriate, ineffective, and economically inefficient use of antibiotics is commonly observed in the health-care units throughout the countries of all income levels, especially in the developing countries (18) . As China emerging as the largest developing country and the world's largest producer and user of antibiotics (19) , policy makers are under pressure to control inappropriate use of antibiotic without adversely affecting the quality of care. Previous literature supports all three methods (prior authorization, audit and feedback, and pay for performance) as being effective strategies to decrease antimicrobial exposure, decrease costs, and improve clinical outcomes (20, 21) . However, because these three ASP methods have not been compared or combined, the most effective approach remains unclear. This is the first study to evaluate whether combining three methods could result in more influences on antibiotic use in pediatrics than one method alone. After release of the prior authorization alone in May 2011, hospital-wide overall antibiotic use slowly started to decrease. However, these changes were not statistically significant until the combination with financially punished audit and feedback in September 2011. Compared to patterns before combining, the proportions of prescriptions of the overall antibiotic use declined nearly 60 and 20% for outpatients and inpatients, respectively. Correspondingly, the proportion of expenditure on antibiotics relative to all medications decreased approximately 47 and 16% for outpatients and inpatients, respectively. These findings suggest that financially punished audit and feedback is capable of catalyzing improvement in efforts on appropriate use of antibiotics in pediatric hospital that is already engaged in prior authorization.
Generally, our findings are in line with and build on the existing evidence based on the previous studies that examined the effect of pediatric ASPs. Hersh et al. reported an average monthly decline in days of therapy/1000 patient days of 5.7% after implementing an ASP compared with control hospitals within the Pediatric Health Information System network (22) . Di Pentima et al. reported a significant impact on reducing antimicrobial use after implementing an ASP, with the reductions of approximately 21 and 50% in antibiotic doses administered per 1000 patient days of targeted and non-targeted antimicrobial, respectively (23) . In another study, an ASP was associated with a $370,069 reduction in projected annual cost related to restricted antimicrobial use (24) . Regrettably, direct comparisons with our study are not available because the metrics used in these studies were not consistent. But, all these findings suggest that formalized ASPs in children's hospitals are effective for improving antibiotic prescribing.
However, our study did not observe a significant decrease in all antimicrobial use in both ambulatory and inpatient clinical settings after the implementation of prior authorization alone, based on the recommendation made by the "Clinical Application of Antibiotics Special Rectification Activities in 2011. " Although other explanations may limit the interpretation of this finding, our results implicated that the national special rectification activity without an effective antimicrobials stewardship cannot efficiently decrease the inappropriate and indiscriminate use of antibiotics. It may potentially be able to explain a given observed phenomenon that antibiotic use still remains at a higher level, and antibiotic resistance remains a challenge in China, despite sets of guidelines and regulations had been released during the past decade (25) . Understanding of which specific stewardship strategy is the most effective one, especially the intervention requiring lower levels of financial support, is particularly important (26) . Unfortunately, so far, there is a lack of conclusive studies to draw definite conclusions of efficacy of different ASP interventions. As one of the most widely advocated strategies, little is known about the effect of prospective audit and feedback on reducing antibiotic prescribing in children's hospital. In one well-documented case, compared with the antibiotic use of the control group, a monthly decline in all antibiotics of 7% (P = 0.05) and 8% (P = 0.05) was observed for days of therapy and length of therapy per 1000 patient days, respectively (27) . Hospitals with audit and feedback ASPs did reduce antibiotic use to a greater degree than those without. However, this was not universal. For example, according to a study run by Mehta et al. (8) , after the introduction of prospective audit with feedback, both total antimicrobial use (P < 0.001) and broad-spectrum anti-Gram-negative antimicrobial use (P < 0.001) increased significantly.
As another widely advocated strategy, even less is known about the effects of financial incentives/penalties for prescribers. According to the latest available updates of a systematic review in 2015 (28), (i) pharmaceutical budgets may lead to a modest reduction in drug use (median relative change −2.8%; low-certainty evidence); (ii) effects of pay for performance policies on drug use and health outcomes are uncertain, and effects on drug costs and health-care utilization have not been measured; (iii) effects of the reimbursement rate reduction policy on drug use and drug costs are uncertain, and no included study assessed the effects of this policy on health-care utilization or health outcomes; and (iv) effects of financially punished policy were not reported at all.
Although both favorable clinical and economic outcomes were observed in the post-intervention phase, several limitations associated with this study should be acknowledged. First, process measures, such as the proportion of antibiotic prescriptions and expenditure on antibiotics, are considered inadequate to evaluate ASP interventions, because such outcomes do not demonstrate direct clinical benefits (29) . For example, one important focus of ASPs is to guide clinicians from broader-to narrower-spectrum antibiotics. However, switch from one agent to another for deescalation would not be demonstrated by the proportion of antibiotic prescriptions and expenditure metrics. Additionally, many other important outcomes related to ASPs, including changes in days of therapy per 1000 patient days, rates of multidrug-resistant organisms and Clostridium difficile infection, conservable days of therapy, and unplanned hospital readmission within 30 days after discharge from the hospital, were not measured in this study (30) .
Second, this study is in essence a description of what happened in a pediatric hospital after introducing ASPs. It is just an uncontrolled, observational study without simultaneous control group. Thus, we should note all the limitations of observational studies, and this study design does not permit clear determination of causation in the changes observed. Third, patient adherence to treatment regimens was not monitored, so that prescribing data may not accurately represent actual antibacterial use, particularly for outpatients (31) . Fourth, the influence of factors other than the change in ASP cannot be fully excluded. For instance, the decreased use of certain types of antibiotics before the intervention suggests that external factors, such as seasonal variation that January is a peak season of some pediatric infectious diseases (32) , may have lead to a downtrend. Fifth, time duration is likely too short to avoid an additive effect. For example, interventions in the hospital level take time to "diffuse" through and 3 months of the firstintervention period is too short to be able to tease out the individual effects of each intervention introduced. To increase the validity of the results, future research should include several years of data before and, ideally, after implementation of similar ordinances and should use statistical methods that control for secular trends and random effects. Finally, the success of interventions depends on the specific prescribing behaviors and specific barriers to behavior change in each setting. Thus, the generalizability of our findings to non-freestanding children's hospitals is uncertain.
In conclusion, even with all the limitations of any observational study, this study observed a significant decline in antibiotic use and corresponding expenditure in both ambulatory and inpatient clinical settings after the inclusion of financially punished audit and feedback to an ASP based on prior authorization alone. This implies that the combination of more than one core strategies (prior authorization, audit and feedback, and pay for performance) will be more effective than one strategy alone. We are initiating another research project to determine whether financial incentives or the restructuring of payment models can stimulate more meaningful improvements.
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